ASNOM mapping of SiC epi-layer doping profile and 
of surface phonon polariton waveguiding 
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Abstract 



The apertureless SNOM mapping of the slightly- 
doped 4H-SiC epitaxial layer grown on a heavily- 
doped 4H-SiC substrate was performed with a 
cleaved edge geometry. ASNOM images taken 
at the light frequencies of a C^O^ 6 laser show a 
clear contrast between the substrate and the epi- 
taxial layer. The contrast vanishes at the laser fre- 
quency of 884cm , and gets clearer at higher fre- 
quencies (923cm- 1 ). This can be explained by 
changes in the local polarizability of SiC caused 
by the carrier concentration, which are more pro- 
nounced at higher frequencies. Since the light fre- 
quency is tuned up further (935cm -1 ), a transver- 
sal mode structure appears in the ASNOM map, 
indicating a waveguide-like confinement of a sur- 
face phonon polariton wave inside the strip of an 
epi-layer outcrop. 



Introduction 



Recently, several papers report a successful ap- 
plication of an Apertureless Scanning Near-field 
Optical Microscopy (ASNOM, s-SNOM)^ to the 
mapping of a solid state surface optical proper- 



ties.-- This method demonstrates not only the 
ability to distinguish different materials by their 
ASNOM responce,- - — but is even sensitive to the 
fine variations in an ASNOM response caused by 
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a presence of the free carriers in the same me- 
dia.^U2 



Experimental 

In the present paper, we report an ASNOM map- 
ping of a SiC epitaxial layer (doping n^ = 9 ■ 

9.9/im) grown on a SiC 



10 cm , thickness d 
substrate (doping n^ = 



7 • 10 18 cm- 3 ). Both the 



substrate and the epitaxial layer are of 4H poly- 
type, with the c-axis normal to the surface (vicinal 
angle 4°). The epitaxial layer side of the wafer 
demonstrates a much stronger ASNOM response 
than the substrate side. To prepare the samples for 
an experiment (see Fig. d), the wafer was cut into 
slices of about 500/im in width, and the pairs of 
such slices were glued onto a metal carrier piece, 
with their cut surfaces facing up. After the epoxy 
got hardened, the sample was mechanically pol- 
ished in order to provide mechanical and optical 
access to the media. Such a geometry prevents the 
edges of the wafer from cracking during the pol- 
ishing procedure, and also allows an easy a com- 
parison between the substrate and the epitaxial- 
layer edge response. In addition, such a geometry 
prevents an ASNOM tip from being broken by a 
sample edge. 

A home-built system was used for ASNOM 
mapping of the sample. A C l3 0\ 6 laser was used 
as a light source to illuminate the tip and to detect 
the scattered optical signal in a Michelson interfer- 
ometer scheme by optical homodyning. 13 ' 14 The 
light (of amplitude E sc (r tip ) corresponding to the 
tip location f t i p with respect to a sample) scattered 
by an ASNOM tip was collected with an objec- 
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tive and directed back to the photodetector, over- 
lapping the reference beam spot. Since near-field 
optical interaction between the tip and the sur- 
face depends on the tip- sample distance in a non- 
linear way, the higher harmonic components of a 
tip oscillation frequency Q. were recovered 3 ^ in 
the photocurrent oscillations Z^ ef (t) as an ASNOM 

signal /j^P . Averaging over the reference beam 
phase was performed in order to exclude arbitrary 
origin of the reference arm length. With this signal 
processing, an amplitude of near-field-caused vari- 
ations in E sc can be acquired (as a complex num- 
ber): 

Esc(rti p )°Ll^<xEi 0C (r tip ) a^y (e. s (r f;> ) , zo) (1) 

where a^\e s ,zo) is an effective tip polariz- 
ability, 9 depending on the surface local dielectric 
constant e s {ftip) at tne tip location. It also depends 
on the tip vibration amplitude zq and its dielectric 
constant. 

Results and discussion 

The amplitude and phase maps of an ASNOM 
signal (oscillations in the photocurrent recovered 
at the second harmonic of the tip oscillation fre- 
quency, and then averaged over full turn of the the 
reference phase) are shown in the Fig. |2] 

Similar to results reported in, 6 ASNOM image 
taken at 884cm _1 contains no step at all (and si- 
multaneously a SPP wave running from the sample 
edge is well seen, observed due to a large lateral 
decay length), then (see image taken at 900cm _1 ) 
the SPP wave gets weaker (but still no boundary 
is visible) and finally a well-pronounced step ap- 
pears at the frequency of 923cm _1 , between the 
substrate and the epitaxial layers. 

Such steps can be well explained by the changes 

of ajffi(e s (r t i P ),zo) term in (??) caused by 
f t ip variations during the sample scanning. A 
frequency-dependent dielectric function of SiC 
is commonly — — expressed as the sum of the 
Lorenzian term (for the lattice) and the Drude 




Figure 1: Geometry of the experiment. The slices 
of a SiC wafer with epitaxial layer were glued to- 
gether and then polished in order to get mechanical 
and optical access to the cleaved edge. To make a 
comparison of ASNOM response on two sides eas- 
ier, the direction of irradiating light (shown with 
an arrow) was chosen along the slit between the 
wafer slices. The direction of the irradiating beam 
is declined in respect to the surface plane = 35°. 
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term (for the free carrier subsystem): 




Figure 2: ASNOM maps of two SiC wafers, pre- 
pared in a cleaved-edge geometry. The images 
were acquired at different light frequencies from 
888cm -1 to 935 cnT 1 . Left maps represent AS- 
NOM amplitude collected at 2 nd harmonic of 
the tip oscillation frequency Q, right ones contain 
the phase of . 
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The values COl and COj denote experimentally ob- 
served bulk phonon polariton frequencies, T is the 
phonon damping constant. Factor y in the Drude 
term denotes the electron subsystem damping con- 
stant, and C0p is the plasma frequency 



at 



4-nNe 2 

m*m e 



(3) 



depending on the free carrier concentration N and 
the effective mass m*. Strictly speaking, lattice 
and electron properties of SiC are anisotropic, but 
for the 4H polytype this difference is just a few 
percent, 20 so it can be neglected in the first approx- 
imation. In our calculations, we used the following 
values:- 2 ^ COj = 797cm -1 , M co L = 969cm -1 



6cm 



-l 17 



6.7. With an electron mass 



m e = 0.4 we estimate free carrier plasma fre- 
quency CO p as 90cm -1 for the epitaxial layer and 
8000cm -1 for the substrate. Using these values, 

a ef) ? ( e f £o) was calculated. Its dependency on 
the local dielectric constant of the surface, con- 
sidered in long- wave dipole approximation 9 of the 
Pt-coated 23 tip response in the vicinity of the sam- 
ple already gives a good fit. 

In our case, however, the images acquired with 
an ASNOM at the higher light frequency of (see 
935cm -1 image in Fig. [2]) can not be interpreted 
as just changes in the local value of the sample di- 
electric function (see term (Xgjy (£ s ,zo) in the (??) 
expression). Unlike the images presented in- we 
observe clear wave phenomena, most likely due 
to less lateral decay of the SPP wave in our sam- 
ples. A sinusoid-like distribution of I^f^ ampli- 
tude and phase across the epitaxial layer outcrop 
is clearly seen. It can not be reasonably explained 
by any distribution of the sample dielectric proper- 
ties caused e.g. by the doping profile. In this case, 
additionally to the calculation of a tip effective po- 
larizability in (??) we have to take into account a 
collective electromagnetic effect, namely an exci- 
tation of the running SPP waves by the laser light 
over all points of the sample surface. A focal spot 
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of the objective is relatively large (30 — 50/lm) 
so that the laser also irradiates some sample area 
around the tip. The elementary electromagnetic 
excitations created by a laser light in some other 
points of the surface, are then delivered as SPP 
waves to the point of probing. Therefore, we can- 
not consider a local field amplitude Ei oc (r t j p ) in 
expression (??) as a constant, 24 but have to write it 
as Ei oc (r tip ) = Eias + E spp (r tip ) instead. Depend- 
ing on the phase difference, the interference be- 
tween these two terms in the sum might be either 
constructive or (as takes place in Figfl]) destruc- 
tive. 

The homogeneous problem to describe an SPP 
wave on infinite surface of a polar crystal was 
solved 25 "— by substitution 

Esppij^t) = E spp0 e^ a ^e- 8 ^e im (4) 

The problem eigenvalues were found for the lateral 
propagation term 

(O I £ vac £sic((0)~ e _ ! «x 

k X y((0) = -A - , = 1, (5) 

c y £vac + £SiC(G>) 



be seen in the Fig. [3l the SPP wavelength at the 
frequency of 935cm -1 gets significantly shorter 
than at the frequency of 923cm . Consequently, 
a transversal mode field distribution appears in the 
ASNOM map at 935cm -1 , similar to those known 
for the cm-band waveguides. 




Re(k) 



and for the factor S z n, a \ describing exponential 
amplitude decay beneath and above the surface, re- 
spectively. To our knowledge, the inhomogeneous 
task of describing SPP wave excitation by an ex- 
ternal wave is not solved rigorously yet, in the gen- 
eral case of an arbitrary surface shape. 

A dispersion law of the SPP waves calculated 
with the expressions mentioned above is shown in 
fig- [3] One can see that the plot curves of different 
doping level are very close to each other at the fre- 
quencies of 880 — 900cm 1 . At the frequencies of 
920 -940cm- 1 the curves diverge dramatically. A 
substrate (njy = 7 • 10 18 cm~ 3 ) demonstrates more 
p/asmoft-polariton than p/zonon-polariton behav- 
ior, so that the Z-loop on the curve vanishes com- 
pletely. Therefore, on a cleaved sample side, a 
strip of undoped epi-layer outcrop appears to be 
surrounded by the surface media of metal-like 
electromagnetic properties, with a sharp step at the 
interface. In such a case, the SPP wave excited on 
a SiC surface by the irradiating laser light gets con- 
fined in a two-dimensional waveguide. As it can 



Figure 3: Surface phonon polariton dispersion law 
plotted for different values of the free carrier con- 
centration in SiC. Most differences occur at the 
frequencies close to the LO side of the RSB, where 
the denominator e( co) +e vac (= 1) in Eq.?? crosses 
zero. 

In conclusion, we studied ASNOM mapping of a 
doping profile in a 4H-SiC sample. Due to the dif- 
ferences in SiC dielectric function caused mainly 
by the free carrier plasma in the substrate, we ob- 
serve clear doping contrast with a lateral resolu- 
tion of 20nm. The sharp step in the SPP disper- 
sion law on the surface areas of different doping 
leads, at some light frequencies, to a confinement 
of the running SPP wave in the strip defined by the 
outcrop of a low-doped epitaxial layer, similarly to 
the light confinement in conventional optical fiber. 
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